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Abstract Effects of native and light induced defects
states in hydrogenated amorphous silicon–germanium alloy
thin films with different Ge concentrations have been
investigated by using steady-state photoconductivity, dual
beam photoconductivity (DBP), transmission spectroscopy
and photothermal deflection spectroscopy (PDS) tech-
niques. In the annealed state, sub-bandgap absorption
spectra obtained from both PDS and DBP overlap very
well at energies above 1.4 eV. However, differences in a
(hm) spectrum exist in the lower energy part of absorption
spectrum. The a (hm) value measured at 1.0 eV is the
lowest for 10% Ge sample and increases gradually as Ge
content of the sample increases. In the light soaked state,
time dependence of photoconductivity decay obeys to t-x
power law, where x changes from 0.30 to 0.60 for samples
with low Ge content and 0.05–0.1 for samples with high Ge
content. Correspondingly, the increase of the sub-bandgap
absorption coefficient at lower energies obeys to ty power
law, where y values are lower than the x value of the same
sample. It can be inferred that sub-bandgap absorption and
photoconductivity measurements are not controlled by the
same set of defects created in the bandgap of alloys.
1 Introduction
Hydrogenated amorphous silicon–germanium (a-SiGe:H)
alloy thin films are potential candidates to replace the
lower bandgap absorber layer in multi junction solar cells
[1, 2]. Alloying amorphous silicon with Ge results in a
decreased bandgap [3–5] which beter matches solar spec-
trum in the bottom cell [1, 2]. Contrarily, the density of
deep defects in the bandgap increases with increased Ge
alloying which finally degrades the lifetime of photogen-
erated carriers [3–5]. Even though earlier studies reported
negligible Staebler–Wronski effect (SWE) in a-SiGe:H
mainly due to poor material quality available at those times
[6, 7], high quality alloy films prepared after improved
deposition systems exhibited a substantial SWE under light
soaking similar to that intrinsic to pure a-Si:H [8–16]. For
this reason, investigations of the light induced defect cre-
ation as well as native defects in the alloy as a function of
Ge content has become an important issue to be understood
and resolved both scientifically and technologically. As
compared to the research undertaken during the last three
decades on the SWE seen in pure a-Si:H [17], only a small
number of studies have been reported for the native and
light induced defects in a-SiGe:H alloys [8–16]. Funda-
mental investigations of these defects have been carried out
using electron spin resonance (ESR) [4, 5, 10], steady-state
photoconductivity (SSPC) [8, 12, 18], modulated photo-
conductivity (MPC) [19, 20], drive level capacitance pro-
filing (DLCP) [21], and sub-bandgap absorption methods
[3, 8, 18, 21–24]. None of these techniques provides a
complete description of all types of defects present in the
alloy due to limitations in the probing nature of the method
or the sample geometry itself. However, certain direct
evidences were obtained from each method for
understanding of native and light induced defect states in
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a-SiGe:H. ESR clearly identifies silicon and germanium
neutral dangling bond defects both in the annealed and
light soaked states [4, 5, 10]. Similarlary, MPC detects a
second deep defect band at energy 0.78 eV from the con-
duction band [25] in addition to the characteristic single
defect band observed at 0.65 eV for pure a-Si:H [26].
However, the exact nature of these defect bands of MPC
were not explicitely understood yet. In addition, the
importance of charged defect states was reported already
for higher Ge content alloys using MPC method [25].
Furthermore, the sub-bandgap absorption methods have
been extensively used for the investigation of native and
light induced defects in pure a-Si:H [3, 8, 18, 22–24]. Since
the methods provide the absorption coefficient a (ht)
spectrum from visible to the sub-bandgap energies from
which the optical gap E04, the slope of valence band tails
E0v representing the degree of disorder and density of deep
defect states were obtained. The techniques and method-
ologies established for pure a-Si:H such as photothermal
deflection spectroscopy (PDS) [3, 24, 27] and constant
photocurrent method (CPM) [8, 13, 18, 22, 23, 27] have
been directly applied to study defect sates in a-SiGe:H
films. It was found that accurate determination of the sub-
bandgap absorption a (ht) spectrum was affected by sev-
eral factors [22, 24, 28]. The effects of high density of
surface states, substrate absorption in PDS spectrum, the
effects of interference fringes and inaccuracies due to
normalization of photoconductivity spectrum to absolute a
(ht) spectrum independently obtained from transmission
and reflection measurements [22, 24, 28] introduce sig-
nificant errors in the resulting a (ht) spectrum. Further-
more, final derivation of the density of defect states from
the accurate a (ht) spectrum is also limited to the cali-
bration constant used in both PDS and CPM techniques.
Those calibration constants were obtained from the ESR
measurements, which only considers the neutral silicon
dangling bonds as major defect states. The effects of sig-
nificant charged defect states present both in undoped a-
Si:H [29] and a-SiGe:H alloys [25] on the sub-bandgap
absorption spectrum were mostly overlooked.
In this paper, we have used an alternative sub-bandgap
absorption method in order to measure reliable and accurate
sub-bandgap absorption a (ht) spectrum. Dual beam
photoconductivity (DBP) method used extensively in the
research of undoped a-Si:H films [29, 30] was improved
with optical transmission spectrum simultaneously mea-
sured from the back of sample and used, for the first time, to
calculate interference fringe free absolute a (ht) spectrum
from 2.5 to 0.6 eV for the undoped a-SiGe:H alloy films
both in the annealed and light soaked states. Absolute sub-
bandgap absorption a (ht) spectra of samples in the
annealed state calculated from DBP yield and optical
transmission spectra using Ritter–Weiser Formula [31]
were also compared with those independently measured
PDS spectra on the same a-SiGe:H alloy. A perfect agree-
ment was obtained between the a (ht) spectra measured by
PDS and indirectly calculated from DBP and optical
transmission in a wider energy region, consistent differ-
ences exist only in the sub-bandgap enegies due to differ-
ences in the probing nature of PDS and DBP methods.
Finally, the improved DBP and SSPC methods were applied
to investigate the SWE in a-SiGe:H alloys with varying Ge
content by measuring the changes in the a (ht) spectrum and
mobility-lifetime product of majority carriers.
2 Experimental details
Hydrogenated amorphous silicon–germanium alloy thin
films (a-SiGe:H) of various germanium concentrations
used in this study were deposited by using Plasma
Enhanced Chemical Vapor Deposition (PECVD) technique
at standard 13.56 MHz on glass substrates at Forschungs-
zentrum Julich, Germany using Si2H6 ? GeH4 ? H2 gas
mixture [32]. The process temperature was 200 C and
pressure was 700 mTorr. Ge concentration of the samples
was changed by changing the GeH4 ratio in total gas
mixture between 0% (a-Si:H) and 75%. Corresponding Ge
content of the samples were found to be 0, 5, 10, 20, 28, 40
and 62% for samples deposited with 0, 10, 20, 30, 40, 50,
and 75% GeH4 ratio, respectively [33]. SSPC, rph, mea-
surements in the annealed and light soaked states were
measured using 690 and 750 nm interference filters and
RG610 filter, together with a calibrated ENH type white
light source. Light soaking procedure is carried out until
samples reach to the stabilized steady-state by leaving the
film under an intensity of 15 Suns of white light for pre-
determined time intervals. The temperature during soaking
was kept constant at about 40 C by using fans and water
filters. PDS measurements were carried out at Institute of
Photovoltaics of Forschungszentrum Julich, Germany. In
this study, DBP yield spectrum, YDBP, measured at high
and low bias light intensities and simultaneously measured
transmission signal from the substrate side of the sample
were used to calculate absolute a (hm) spectrum using a
procedure [34] based on the Ritter–Weiser formula [31].
3 Results and discussions
3.1 Annealed state
Mobility-lifetime, gls, product versus generation rate of
majority carriers calculated from the rph measurements for
a-SiGe:H samples with varying Ge concentrations from 0
to 62% are shown in Fig. 1. gls-products exhibit the
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expected linear relation as a function of generation rate.
Magnitude of gls-products increase as Ge content changes
from 0% (pure a–Si:H) to 10% and the exponent c stays
around 0.90. Further increase in Ge concentration results in
a decrease in photosensitivity and a sharp drop exists for
samples with 40 and 62% Ge concentration. Correspond-
ingly, the exponent c begins to decrease below 0.90, indi-
cating that there exists a substantial change in the density
and nature of native defects states present in the bandgap of
the a-SiGe:H alloys as Ge concentration increases above
28%.
The density of these native defect states present in
amorphous network is generally characterized by using the
sub-bandgap absorption measurements. In this study, DBP
method and simultaneously measured transmission spec-
trum were used to calculate absolute absorption coefficient
spectrum. In the inset of Fig. 2, raw DBP yield spectra,
YDBP, and corresponding transmission signal are shown for
a-SiGe:H sample with 20% Ge concentration. Interference
fringes existing in the YDBP and transmission spectra and
peak positions of fringes in both spectra are found at the
same energy values, indicating homogeneous absorption of
light in the sample. Independently calculated a (ht) spectra
of DBP measurements under high and low generation rates
are presented together in Fig. 2. It is clearly seen that both
spectra overlap very well above 1.4 eV and deviation exists
only in the sub-bandgap energies without any remaining
fringes on the spectra. The increase in the a (ht) spectrum
at the lower energy values is due to an increase in the
occupation of the defect states in the bandgap by the higher
intensity of bias light used in DBP technique, which moves
the quasi Fermi levels closer to the extended band edges.
An increase in the optical transitions at the lower energies,
from the occupied defect states localized in the bandgap
into the conduction band edge, causes higher optical
absorption coefficients only in the sub-bandgap energies as
measured by high bias light DBP measurements. To obtain
the effects of occupied defect states below dark Fermi level
on the optical absorption spectrum, intensity of bias light
used in DBP measurement is generally maintained as low
as possible. In this study, low generation rate DBP spec-
trum was used to compare the results of the alloy samples.
In order to compare the accuracy of a (ht) spectrum
calculated from DBP measurements, an independent mea-
surement of sub-bandgap absorption spectrum was carried
out on the identical sister samples taken from the same
substrate using PDS. PDS spectrum of the same sample is
shown in Fig. 2 together with those calculated from DBP
and transmission measurements which show a perfect
overlap at higher energies above 1.4 eV. However, a sub-
stantial difference between PDS spectrum and that of DBP
low generation rate exists in the sub-bandgap energies. In
PDS spectrum, a phase correction procedure was applied to
remove the effect of absorbing substrate causing a phase
shift in raw PDS signal [34]. Similar procedures for sub-
bandgap absorption measurements were also carried out for
other a-SiGe:H alloy thin films with different Ge concen-
tration using both methods. It was found that similar a (ht)
spectra as shown in Fig. 2 were obtained for the other alloy
thin films, where PDS spectrum is always higher than that
of low generation rate DBP spectrum.
The results of sub-bandgap absorption spectra of the
alloy thin films measured by DBP indicate that the bandgap
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Fig. 1 gls-Products versus generation rate of a-SiGe:H alloys with
Ge content from 0 to 62% in the annealed state
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Fig. 2 Independently measured sub-bandgap absorption coefficient
spectra of a-SiGe:H alloy thin film with 20% Ge concentration in the
annealed state by PDS and DBP methods. In the insets raw DBP yield
spectra measured with high and low bias light intensities and
corresponding transmission signal measured from the substrate side of
the sample are shown
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of a-SiGe:H alloy decreases as Ge content increases, as
previously reported in literature [1–8, 18]. The bandgap E04
defined for a (ht) equals to 104 cm-1 is 1.92 eV for 0% Ge
(a-Si:H) film and decreases to the energy values of 1.90,
1.86, 1.80, 1.75, 1.58, and 1.46 eV for 5, 10, 20, 28, 40, and
62%Ge content sample, respectively. Correspondingly, the
slope of the exponential absorption tail, E0v, calculated
from the a (ht) spectrum at the energies between 1.4 and
1.7 eV is 54 ± 2 meV for samples with Ge content
between 0 and 28%Ge and increases to 60 ± 2 meV for 40
and 62%Ge samples. The values of E0v indicate that the
level of disorder in these alloy samples is in the accepted
limit of standart quality electronic thin films.
The effect of Ge concentration on the sub-bandgap
absorption measurements in the annealed state is presented
in Fig. 3. The absorption coefficient at 1.0 eV, a (1.0 eV),
was taken as comparison criteria for the level of the density
of defect states present in the samples. In Fig. 3a, the a
(1.0 eV) measured using DBP low generation rate
decreases as Ge concentration increases from 0 to 10%.
The alloy with 10% Ge content has the lowest a (1.0 eV),
indicating the lowest defect density. This result is consis-
tent with the highest gls-products of the 10% Ge sample
shown in Fig. 3b. Further increase in Ge content results in
an increase in the defect states as a (1.0 eV) increases.
Correspondingly, it causes more recombination and
degrades the gls-products as given in Fig. 3b. A sub-
stantial decrease in gls-products for samples above 28%
Ge concentration points out that there could be an impor-
tant change in the nature of the defect states in the high Ge
content alloys. A good agreement exists between changes
in a (1.0 eV) obtained from DBP low bias light and
changes in gls-products as Ge concentration changes.
However, such distinct functional dependence of a
(1.0 eV) cannot be seen from the PDS measurement as
indicated in Fig. 3. These results indicate that both DBP
and PDS methods are complementary to one another and
can be used to obtain reliable absorption coefficient spec-
trum above the bandgap energies. However, PDS should be
carefully practiced at the lower energies for the investi-
gation of bulk defects states present in the material.
3.2 Light soaked state
Light induced degradation known as the SWE [17] is an
intrinsic property of hydrogenated amorphous silicon thin
films. It was also reported that a-SiGe:H alloys exhibit
similar SWE as exposed to sun light [10, 11]. In the inset of
Fig. 4, SSPC versus generation rate measured after dif-
ferent light soaking periods is presented for the a-SiGe:H
alloy with 20% Ge concentration. Magnitude of rph
decreases more than two orders of magnitude when sample
reached to stabilized steady-state and the exponent c
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Fig. 3 a Sub-bandgap absorption coefficient at 1.0 eV versus Ge
concentration obtained from PDS and DBP methods, b gls-products
measured at G = 1020 cm-3 s-1 versus Ge content in the annealed
state. Lines are guide to eye
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Fig. 4 The changes in the sub-bandgap absorption coefficient spectra
with extended light soaking for the a-SiGe:H alloy with 20% Ge. In
the inset corresponding steady-state photoconductivity versus gener-
ation rate data is shown for different periods of light soaking
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increases from its annealed state value to 0.85. For the light
soaked state, rph versus light soaking time taken at a
constant generation rate (G = 1 9 1017 cm-3 s-1) was
plotted using the data shown in the inset of Fig. 4. It was
found that degradation of rph obeys to t
-x functional
dependence, where x is calculated to be 0.55, much higher
than that generally reported t-1/3 rule for a-Si:H thin films
[35]. Similar degradation kinetics were also obtained for
other a-SiGe:H alloy thin films as Ge content changes from
0 to 28%. The value of x is 0.50 for pure a-Si:H (0% Ge)
and 0.60, 0.55 and 0.30 for a-SiGe:H alloy with 10, 20, and
28% Ge, respectively. However, degradation becomes less
significant for samples with 40 and 62% Ge concentration,
where x is 0.11 and 0.05, respectively. Similar degradation
kinetics of high Ge alloys with 40% Ge and above were
also reported previously using the ESR measurements [10].
Degradation of rph seen in the inset of Fig. 4 is attrib-
uted to the creation of light induced defect states in the
bandgap of a-SiGe:H alloy, which decrease the majority
carrier lifetime through increased recombination kinetics.
The changes in the density of defect states after light
soaking are commonly characterized by the sub-bandgap
absorption techniques. In this study, DBP measurements
were extended for the investigation of light soaked state in
the alloy samples. In Fig. 4, absolute a (ht) spectra cal-
culated from the low generation rate DBP measurements
are shown for the sample with 20% Ge concentration. The
a (ht) values below the exponential absorption edge
increases as light soaking period increases as indicated by
arrow sign in Fig. 4. Due to large degradation of intrinsic
photoconductivity of the samples, ac photoconductivity
signal of DBP measurements becomes very weak in the
sub-bandgap energies. For this reason, the a (ht) spectrum
in the sub-bandgap energies can be defined by a certain
degree of experimental error. Time dependence of a
(1.0 eV) is obtained from the data shown in Fig. 4. It was
found that a (1.0 eV) versus time obeys to ty functional
dependence, where y is equal to 0.25 for 20% Ge alloy
sample. It is indicated that there is no one-to-one correla-
tion between degradation of SSPC and increase in the sub-
bandgap absorption as measured by DBP technique.
Similar experimental results were obtained for the
degradation of photoconductivity and the changes in the
sub-badgap absorption coefficients for other a-SiGe:H
alloy thin films. In order to correlate the degradation of rph
and the changes in the a (1.0 eV), [lssoak/lsanneal]
-1 taken
at G = 1 9 1017 cm-3 s-1 and [a (1.0 eV)soak/a
(1.0 eV)anneal] versus light soaking time were presented
together in Fig. 5. Both parameters, [lssoak/lsanneal]
-1 and
[a (1.0 eV)soak/a (1.0 eV)anneal], are equal to unity in the
annealed state and increase as light soaking time increases.
An approximate solid line in each figure was drawn for a
guide to eye, which also points the annealed state values of
both parameters. The changes in both parameters are due to
creation of new light induced defect states which affect
directly both experimental SSPC and sub-bandgap
absorption measurements. It is clearly seen that degrada-
tion of a-SiGe:H alloys with Ge concentration from 0%
(pure a-Si:H) to 28% exhibit similar functional dependence
on time for both parameters. However, a-SiGe:H alloys
with 40 and 62% Ge concentration show almost insignifi-
cant degradation in both parameters. An important differ-
ence between these two figures is that the slope of [lssoak/
lsanneal]
-1 is approximately two times higher than that of
[a (1.0 eV)soak/a (1.0 eV)anneal], indicating that defects
causing the degradation of gls-products and increase of
sub-bandgap absorption coefficient, a (1.0 eV), are not the
same type of defects. Insignificant degradation kinetics of
high Ge concentration alloys were also reported in previous
investigations [10, 15, 36]. These results indicate that
degradation kinetics in a-Si:H and a-SiGe:H alloys with Ge
concentration up to 28% are similar in nature as in agree-
ment with previous reports. However, detailed nature of
defect creation in these alloys, especially the ratio of native
Si and Ge related defects and the ratio of light induced
creation of Si and Ge related defects in a-SiGe:H alloys
with different Ge concentrations, cannot be directly
understood from these results alone.
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4 Conclusions
The effects of native and light induced defects states in
a-SiGe:H alloys with varying Ge concentration on the
optoelectronic properties were investigated in the annealed
and light soaked states. In the annealed state, gls-products
have the highest values for the alloy with 10% Ge con-
centration. It decreases as Ge content increases to 28%.
There exists a drastic decrease in gls-products for film
with 40 and 62% Ge concentration. Reliable sub-bandgap
absorption coefficient spectrum in a wider energy range is
obtained from independently measured DBP and PDS
spectra. A perfect overlap is obtained between two mea-
surements at the energies above 1.4 eV. However, a sub-
stantial difference between the spectra exists at the lower
energies, where PDS spectrum is always higher than that of
DBP. Functional dependence of defect related a (1.0 eV)
obtained from the low generation rate DBP spectrum on Ge
concentration indicates that the alloy with 10% Ge con-
centration has the lowest density of native defects, con-
sistent with the highest gls-products measured in the
annealed state. As Ge content increases above 10%, a
(1.0 eV) increases, meaning that samples become more
defective and less photoconductive. Good agreement was
found between functional dependence of gls-products and
a (1.0 eV) obtained from DBP measurement on Ge con-
centration. However, it is difficult to make such correlation
between a (1.0 eV) obtained from PDS and dependence of
gls-products on Ge concentration.
In the light soaked state, all a-SiGe:H alloy thin films
with low and moderate Ge concentration show SWE under
extended white light illumination as observed in undoped
a-Si:H thin films [17]. The alloys with highest Ge con-
centration show almost insignificant degradation both in
SSPC and sub-bandgap absortion spectrum. For the sam-
ples up to 28% Ge concentration, SSPC decreased more
than an order of magnitude as samples reached to the
stabilized steady-state. Correspondingly, sub-bandgap
absorption coefficient spectrum increased only at lower
energies. Time dependence of SSPC degradation is almost
two times higher than that of increase in a (1.0 eV).
However, detailed nature of defect creation in the alloys
with different Ge concentrations cannot be directly eluci-
dated from these results alone. Therefore, complete
understanding of light induced defect creation in the
a-SiGe:H alloys is still missing. Additional investigations
on the light induced defect creation using different methods
on the same set of samples and experimental conditions are
required. Such studies will allow us to make correlations
between two distinct types of light induced defects in the
alloys as well as in undoped a-Si:H thin films.
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